In contrast to that of the Pleistocene epoch, between approximately 2.6 million and 10 000 years before present, the extant community of large herbivores in Arctic tundra is species-poor predominantly due to human extinctions. We here discuss how this species-poor herbivore guild influences tundra ecosystems, especially in relation to the rapidly changing climate. We show that present herbivore assemblages have large effects on tundra ecosystem composition and function and suggest that the effect on thermophilic species expected to invade the tundra in a warmer climate is especially strong, and that herbivores slow ecosystem responses to climate change. We focus on the ability of herbivores to drive transitions between different vegetation states. One such transition is between tundra and forest. A second vegetation transition discussed is between grasslands and moss-and shrub-dominated tundra. Contemporary studies show that herbivores can drive such state shifts and that a more diverse herbivore assemblage would have even higher potential to do so. We conclude that even though many large herbivores, and especially the megaherbivores, are extinct, there is a potential to reintroduce large herbivores in many arctic locations, and that doing so would potentially reduce some of the unwanted effects of a warmer climate.
The Arctic herbivore species assemblage
Herbivores are known to be important components of Arctic ecosystems, and many species like the large reindeer and caribou herds, and high densities of voles and lemmings during peak years, are well known to exert large effects on the ecosystems when they feed on the plants and serve as food for predators [1, 2] . Despite their importance, the diversity of herbivores is low in the Arctic. About 50 species of mammalian herbivores are found in the Arctic as a whole, and most regions have a local species richness of mammalian herbivores below 10 [3] . Most of these herbivores are small-or medium-sized rodents, and only six large mammalian herbivores occur in the Arctic [3] . Four of these six herbivores have narrow distributional ranges and are only found in marginally Arctic habitats (moose, Dall's sheep, Siberian bighorn sheep and American bison). This means that the only two large herbivores with wide distributional ranges are caribou/reindeer (Rangifer tarandus; hereafter 'caribou', unless used in reference to the domestic or semi-domestic sub-species) [4, 5] and muskoxen (Ovibos moschatus) [6] . The species richness of large herbivores in the Arctic thus varies between 0 and 2 species in most Arctic regions. The most widespread of the two herbivores, caribou, are also domesticated in many of these regions. We will here explore how this low species richness of large herbivores influences the vulnerability of arctic ecosystems to climate change, especially warming. We also discuss implications of the fact that only domesticated herbivores exist in many parts of the Arctic.
In contrast to current conditions, during the Pleistocene, most of the Arctic was covered by a vast, productive graminoid-and forb-rich biome commonly referred to as the mammoth steppe, grazed by large herds of a diverse assemblage of large herbivores, including woolly mammoth, woolly rhino, steppe wisent, wild horse, wapiti (elk), wild ass, snow sheep, camel, Saiga antelope, helmeted muskox, muskox and caribou [7, 8] . Between 10 000 and 50 000 years before present, almost all of these megaherbivores were extinct in the Arctic, as well as the rest of the world outside Africa [9] . The relative influence of humans and rapid climatic warming during the Pleistocene-Holocene transition in this mass extinction has been widely debated. The extinction of large-and slow-breeding animals strongly implicates human hunting in such extinctions, although it is plausible that rapid climate changes during the same period also contributed [9] [10] [11] . For at least two formerly abundant Pleistocene large herbivores, the steppe bison and woolly mammoth, paleoecological evidence and bioclimatic envelope modelling suggest that human expansion into the far north probably coincided with rapid warming in the demise of such species [12, 13] . It is thus clear that human hunting has at least contributed to the large-scale extinction of large herbivores, and contributed to large vegetation changes and shaping the presently species-poor tundra.
Another way humans have influenced the Arctic herbivore assemblage is through the domestication of reindeer [4, 14] . Domesticated reindeer are today found throughout the Eurasian Arctic [4] and are the only large herbivore present in many areas today. On the other hand, in large parts of the Arctic, domesticated reindeer still migrate according to their traditional migration routes, and there is no empirical evidence that effects of reindeer on tundra vegetation differ substantially from effects of caribou [15] .
We will in this paper present different perspectives on how extant large herbivores in the Arctic influence these ecosystems. We will discuss how large herbivores are likely to interact with climate to shape future ecosystems, and if their low richness reduces their ability to do so. Finally, we will consider paleo-ecological state shifts in a discussion of the role of herbivores in the state shifts occurring in the Arctic today, especially the expansion of trees and shrubs, and the disappearance of the mammoth steppe at the end of the Pleistocene. The conceptual models presented above serve as the basis for understanding how reintroduction of large herbivores in a rewilding context will influence the structure and function of arctic ecosystems. Finally, we briefly review the potential to reintroduce large herbivores in the Arctic and present conclusions about the potential consequences of rewilding the arctic herbivore assembly.
Effects of large herbivores on tundra vegetation
Throughout the Arctic, large herbivores are well known to influence plant community structure [15] [16] [17] , and ecosystem processes and functions [18] [19] [20] [21] . It is, however, difficult to quantify the magnitude of these effects. In areas where natural experiments allow long-term and large-scale comparisons, the effects can be considerable. On islands where reindeer have been introduced, dramatic changes in the vegetation have been observed, especially dramatic declines of lichens and deciduous shrubs [22, 23] . Reindeer also have large effects on tundra vegetation in studies using reindeer management fences that have separated different grazing regimes for decades. The dramatic decline of lichens and deciduous shrubs is also the most prominent effect here [24, 25] , but strong effects of reindeer on tree recruitment and densities of larger trees [26] as well as dramatic vegetation shifts to graminoid-dominated vegetation [25, 27] have been observed. In contrast to the large effects recorded in these long-term natural experiments, the vegetation responses to excluding large mammalian herbivores are often much smaller. In the most recent meta-analyses of reindeer exclosure studies, it was concluded that effects of reindeer on lichens were negative, while the effects on forbs, graminoids, woody species and bryophytes were weak or non-significant [15] . Although no similar meta-analyses exist for muskoxen, the results would probably be at least comparable to the effects of reindeer. For instance, in Western Greenland where caribou and muskoxen coexist, a multi-annual field experiment revealed that the most prominent effects on tundra plant community composition, species richness and community dynamics were more strongly related to muskox exclusion than to caribou exclusion [28, 29] . However, in that location, caribou density is far lower than is typical of densities maintained through reindeer herding. In high arctic Greenland, where muskoxen are the sole species of large herbivore, they have been estimated to remove only 0.04-0.17% of aboveground plant biomass during the summer months [30] . One reason for the partly contrasting results in these different types of studies could be that the response of Arctic vegetation is slow, and that the response of vegetation in the exclosures after a decade or two is still only transient, while the responses in the natural experiments, where the different grazing regimes have been prevailing for several decades or centuries, are closer to the equilibrium state. Another explanation could be that increasing and decreasing herbivore densities have very different effects on the vegetation [31] . When herbivores are excluded, plants that cannot tolerate grazing will not be present to begin with. It will thus be the plants that are present to begin with and thrive best in the absence of herbivores that will increase in abundance. If no species are present in the grazed system with the potential to grow tall or accumulate biomass, these species have to colonize the area before dramatic changes can be expected [32, 33] . The ungrazed vegetation might be difficult to invade, because the vegetation gets denser and gaps suitable for regeneration from seeds are decreasing [34] [35] [36] . Increased herbivore densities in areas with historically low herbivore densities can, on the other hand, rapidly change the vegetation because grazing intolerant plants will quickly be eradicated, and grazing tolerant species can colonize in the gaps [32] .
Herbivores constrain vegetation responses to climate warming
In a warmer climate, arctic tundra plants may be expected to grow earlier and faster, and increase in abundance [37, 38] . This has been recorded as an increase in shrub abundance [39, 40] and greening of the Arctic recorded from satellitederived vegetation indices [41] in most of the Arctic. As herbivores are well known to reduce vegetation density of shrubs in particular [42] , a higher density of herbivores will rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170437
be expected to at least partly counteract these responses to a changing climate [28, 29] . Concomitantly, any constraint imposed by large herbivores on shrub expansion in response to warming in the Arctic may also constrain the carbon uptake response of shrubs to warming. For instance, in addition to constraining the positive abundance response of dwarf birch and grey willow to experimental warming at a low arctic site in Greenland [28] , large herbivores are estimated to reduce the carbon uptake response to warming of the vegetation in the same area by a factor of four [18] . A special aspect of herbivory in the Arctic is that the effect of herbivory appears to be especially strong on species that are expected to be favoured by warming. In a warming Arctic, we expect thermophilic species to invade and increase in abundance [37, 38, 42] .
To grow fast and to be able to compete for light in denser vegetation, these species are typically taller and have higher N concentrations, shoot : root ratio and specific leaf area [33, 34] . The same traits will also make the plants more susceptible to herbivory [43] . Experiments have shown that thermophilic species invading the tundra are indeed more sensitive to herbivory than the local plant species [44, 45] . Reindeer and caribou are thus expected to constrain the vegetation changes that are projected to happen in a warmer climate [44, 45] . A more diverse herbivore assembly would probably be even more effective in constraining projected vegetation changes, and rewilding of the herbivore guild might thus be a tool to preserve arctic vegetation in a warmer future.
Herbivores and woody vegetation
The ecotone between areas covered by erect woody vegetation (trees and tall shrubs) and open tundra heath or grasslands is one of the most obvious vegetation boundaries in northern ecosystems and often used to define the extent of the tundra. The distribution of trees and shrubs are, to a large extent, controlled by climatic conditions. High altitude treelines, defined as the highest occurrence of groups of trees greater than 3 m, are globally associated with a seasonal mean ground temperature of 6.78C [46] . Moreover, paleoecological records [47] and contemporary studies [47] show clearly that treelines have moved to higher or lower altitudes in response to a changing climate. Although the observed treeline changes are linked to increases in temperature, they also reflect changes in land use and herbivore pressure, at least at regional scales and decennial time scales. At treelines across different geographical regions, studies have demonstrated that herbivory can exacerbate or constrain climate-driven distributional shifts in tall shrub and tree species [26, 43, [48] [49] [50] [51] [52] [53] [54] . The large mammalian herbivores present in the Arctic today do not damage large trees that have been able to grow above browsing height. However, a recent study demonstrated that where reindeer are present in high enough densities, they can prevent small shrub ramets from becoming tall and abundant. Where reindeer densities were above a threshold of approximately 5 animals km 22 , shrubs were kept in a browse trap, and shrubs in grasslands were at low height and low abundance. At reindeer densities below this threshold, shrubs were taller and more abundant indicating reindeer were no longer in control of the grassland state [55] (figure 1b). Since reindeer can severely hamper the regeneration of mountain birch stands by limiting regeneration from basal shoots and re-establishment of individual trees from saplings [26, 57] , similar threshold densities are expected for tree regeneration and treeline expansion. Although reindeer do not damage large trees, to understand their potential to cause transitions between vegetation states dominated by erect woody vegetation and open tundra, it also must be considered that recurrent disturbances like insect outbreaks [58] , fires [59] and avalanches [60] occasionally wipe out the larger trees in treeline forests. If reindeer prevent trees from regenerating, these areas can be deforested.
The capacity of herbivores to regulate tree and shrub abundance has been proposed to be linked to the palatability of the trees and shrubs present [19, 61] . Especially willow and birch species at Scandinavian treelines are highly palatable to herbivores, and this could be one reason that reindeer, albeit a comparatively poor browser, are able to keep these tundra ecosystems open [26, 54, 62] . Globally, most of the Arctic and alpine treelines are formed by evergreen conifers that are relatively unpalatable, at least for reindeer [63] . The strong effect of reindeer at treelines might thus be specific to Scandinavia, or other sites where palatable deciduous shrubs form the treeline. However, because extant reindeer densities also reduce the establishment of less palatable species like Siberian larch, Scotts Pine and Norwegian spruce [57] , reindeer might still be able to preserve open tundra in areas with less palatable tree species, but they will be far less efficient in doing so. The palatability of trees and shrubs is not only a function of plant chemistry, but also a function of the herbivore assembly [63] . In Arctic ecosystems dominated by only reindeer, or reindeer and muskoxen, many plants might be unpalatable and the potential for present herbivores to reach densities where they can keep the trees in a browsing trap might be low. However, with a more species-rich herbivore assemblage, consisting of a range of herbivores with different feeding preferences, fewer species would be unpalatable to the whole herbivore guild. Moose, for example, feed preferentially on Scott's pine [64] , even though it is avoided by reindeer [65] . Moreover, if the herbivore guild also contains megahebivores that could browse higher up in trees and even damage large trees, trees can no longer grow out of the browsing zone. African elephants have, for example, a strong effect on woody plants due to their physical strength and height, causing damage by feeding high up in tree crowns, but also by pushing them over [66] , and mammoth and mastodonts are expected to have done the same. As stated above, during the Pleistocene, the herbivore assemblage was much more diverse than today, and included both megaherbivores, grazers and more specialized browsers. The ability of such a diverse herbivore assemblage to drive state transitions between forest and open tundra is expected to have been much stronger than what is observed from the depauperate herbivore assemblages of today. We could thus expect present species-poor herbivore assemblages to, in most cases, only reduce the abundance of palatable trees, but only have small effects on the position of the actual treeline in systems where unpalatable species are present. However, if more specialist browsers and megaherbivores were present, tree species unpalatable to the herbivores present today could be palatable for another herbivore species and thus also be expected to be trapped in browsing traps [56] (figure 1c). Rewilding the herbivore guild by introducing more herbivore species would thus have a potential to slow down the rising treeline and the increase of woody plants currently occurring in the Arctic in response to a warmer climate.
The mammoth steppe
To understand how the tundra would be influenced by a diverse herbivore assembly, we have to look back to the Late Pleistocene and its diverse herbivore assembly. One of the most controversial hypotheses about the influence of large herbivores on arctic tundra vegetation is that human extinction of megaherbivores, rather than climate, drove the disappearance of the so-called mammoth steppe vegetation [7] . The importance of understanding this process today is accentuated by the fact that it also suggests that soil carbon storage decreased by more than 1000 Gt during this vegetation shift [67] , and that the expected massive loss of soil carbon in the face of a warming Arctic could be inhibited by restoring megaherbivores that would reduce permafrost thawing [68] . During the Late Pleistocene, the mammoth steppe was probably the Earth's most extensive biome [69] , and a diverse set of megaherbivores existing at high densities grazed these extensive graminoidforb plains, much like the African savannah today. The densities of large herbivores inhabiting the mammoth steppe in Alaska and northeastern Siberia have been estimated to have been as high as 105 kg ha 21, [68] , which is more than an order of magnitude greater than present herbivore densities. For a comparison, domesticated reindeer in Scandinavia today rarely exceed 3 kg ha
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. Zimov et al. [7, 67] proposed that this high density of herbivores resulted in the graminoid dominance of the mammoth steppe, which in turn contributed to a high nutrient availability both by providing high quality litter that decomposed quickly and by maintaining a high rate of transpiration which resulted in dry oxygenated soils, further contributing to a high nutrient mineralization rate and nutrient availability. So, when megaherbivores were driven extinct, presumably by human hunting or its interaction with climatic warming, the system shifted to one dominated by chemically defended dwarf birch and moss, with wetter and colder soils and low litter quality, resulting in reduced nutrient availability [67] (figure 2a).
One way to evaluate this hypothesis is to investigate the timing of the megaherbivore extinction, vegetation shifts and human colonization. This work has already been reviewed in detail [69, 70] , and the best data available today seem to indicate that megaherbivores declined first after human population had increased, and the mammoth steppe changed from grasslands to heathlands at least partly as a consequence of megaherbivore extinctions. For example, analysis of megafaunal herbivore abundance from dung spore abundance may suggest that megaherbivore abundance, including mammoth, declines well before final extinction and major floral reorganization [71] . It is thus plausible that human extinction of megaherbivores contributed to the vegetation shift characteristic of the Pleistocene-Holocene transition at high northern latitudes.
A complementary way to evaluate this hypothesis is to investigate whether contemporary studies support the notion that herbivores can indeed drive such state transitions (figure 2b-e). The high density and species-rich large herbivore communities of the African savannahs are indeed today contributing to maintaining the productive graminoid-dominated savannahs by promoting nutrient cycling and primary production [72, 73] , in a corresponding way to how Zimov et al. [7] proposed that megaherbivores shaped the mammoth steppe during the Pleistocene. The critical question is, however, whether herbivores could drive such vegetation shifts in the climatic conditions found in the tundra today. Early work [7] and more recent reviews [74] indicate that herbivores can drive vegetation shifts from moss-and shrub-dominated tundra to graminoid-dominated vegetation. Since then, numerous studies have added support for the notion that herbivores can indeed drive these types of regime shifts in arctic tundra. Numerous studies have shown that reindeer can drive vegetation shifts from moss-or shrub-dominated tundra to graminoid-dominated vegetation both when concentrated by fences [25, 27] and elsewhere [75] [76] [77] [78] . A striking example that herbivores can cause graminoid expansion at large spatial scales is the introduction of caribou to herbivore-free islands off the coast of Alaska. Fifty years after introducing the caribou, graminoid biomass had more than doubled across the islands [23] . Moreover, studies using historical Sami reindeer herding sites (historical milking grounds) show that when these rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170437 grasslands are created, they can be stable for centuries [35] . Modern ecological studies question if we should refer to the mammoth steppe as grasslands, because ancient DNA metabarcoding suggests that it was rather dominated by forbs until the appearance of moist tundra dominated by woody plants, and that both forbs and graminoids were important parts of the megaherbivores diet [8] . This does not contradict contemporary data, because the grazing-induced grasslands close to management fences [25] (figure 2b) or historical milking grounds [35] (figure 2c-e) both have high densities and richness of forbs.
Another aspect of this hypothesis that can be tested by contemporary data is whether herbivores support a higher primary production via increased summer soil temperatures and increased nutrient cycling (figure 2a). Studies of Svalbard reindeer [77,79,80], as well as domesticated reindeer in Fennoscandia, clearly show that reindeer grazing increases summer soil temperatures by reducing the insulating capacity of the moss-or dwarf shrub layer [27, 81, 82] , litter quality [83] , nitrogen mineralization rates in the soil and primary production [27, 81] . As well, graminoid density and tissue nitrogen concentration are greater on intensely grazed swards on caribou summer ranges in Alaska than on lightly grazed swards [84] . Contemporary studies also indicate that urine and faeces are important nutrient sources for tundra plants, and that the nutrients are often taken up by plants before it reaches the organic soil horizon [85, 86] . Caribou and reindeer can thus, at least at a local scale, drive state shifts similar to the one that occurred in the Late Pleistocene. Moreover, a more diverse herbivore guild including large megaherbivores would probably have even greater potential to drive vegetation state shifts (figure 2c).
One crucial unknown, however, is how this herbaceous vegetation state could support the high density of herbivores. Although individual studies have reported that herbivores can cause a 10-fold increase in productivity (cited in [7] ), only modest increases in productivity have been recorded in most studies [20, 27, 35, 87, 88] . So, even though contemporary data suggest that the diverse herbivore guild grazing the mammoth steppe could drive these kinds of vegetation shifts, it remains an open question whether the present tundra vegetation could be shifted to an herbaceous mammoth steppe under current climate if a diverse assembly of herbivores were introduced.
Implications for rewilding of tundra ecosystems
The Arctic tundra is one of the biomes on Earth that is least influenced by humans. Nonetheless, human exploitation has resulted in a species-poor assemblage of large herbivores that probably has had large effects on the structure and function of Arctic ecosystems. Part of this process is irreversible using methods available today, because most species of megaherbivores that once inhabited the tundra have been extinct for millennia, including woolly mammoth, woolly rhino and mastodon. Even though the potential to clone these species has been seriously discussed [89] , current rewilding efforts must rely on the species that are extant. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170437
Since the current Arctic large herbivore assembly is so species-poor, the potential to increase the diversity is substantial. Both reindeer [22, 23] and muskoxen [90] have been introduced to many places in the Arctic during the last century. Some of these introductions have been successful and resulted in large stable populations like muskoxen on eastern Greenland or caribou on parts of Svalbard. However, in other sites, introduced populations have crashed [22] , and introductions have failed. It does not, to our knowledge, exist any systematic evaluations of the introduction of reindeer and muskoxen in the Arctic, so presently the eventual success of such introductions must be based on our knowledge of the basic requirements of these animals. It is difficult to identify any additional herbivores that are suitable for rewilding the Arctic herbivore assembly in general. Most of the Arctic specialists, including megaherbivores, are extinct and the remaining large herbivores occasionally found in the Arctic are predominantly boreal species, and many of them have restricted distribution. Introducing these species to new places will surely involve ethical concerns of spreading invasive species [91] . However, in most of the Arctic, there are locally large herbivores present that could be used in rewilding efforts. In Scandinavia and parts of Russia, moose can be found in the open tundra predominantly along streams, and American bison is present in and close to the tundra in many places in North America. Both these species could be suitable targets if there is a wish to increase the diversity of large herbivores in the Arctic. There are numerous other extant herbivores that could be suitable in this context as well. Horses, ass and camels are still common in a global context, but probably not genetically similar to the ones historically grazing on the tundra. Large-scale introductions of these herbivores would require biological and ethical considerations outside the scope of this paper. Identifying potential herbivores invading the Arctic in the future and species suitable for introduction programmes is an important future research task.
The most ambitious rewilding effort in the Arctic is the Pleistocene Park founded by Sergei Zimov. The Pleistocene Park is a nature reserve on the Kolyma River south of Chersky in the Sakha Republic, Russia, where large herbivores are reintroduced to restore the Pleistocene mammoth steppe and save the large amount of permafrost stored in the yeodoma permafrost soils. In an area of about 1600 ha, herbivores including horses, moose, reindeer, muskox, wapiti and bison have been reintroduced. The exact success of all these introductions are not evaluated scientifically, but at least it is reported on their webpage (http://www. pleistocenepark.ru/en) that all these herbivores survive in the park. Although such ambitious rewilding efforts are clearly controversial, and surely going to be restricted to isolated efforts, the potential gains in protecting the carbon stored in the permafrost [68] and increasing the albedo [82] might potentially motivate extreme action.
A remaining question is also how certain we can be that a rewilding of the herbivore assembly will provide the ecosystem services that we have discussed earlier in this paper. There is solid evidence that herbivores will reduce the abundance of shrubs and that higher densities and diversity of herbivores will be more efficient in doing so. There is also solid evidence that this reduced shrub abundance will result in a higher albedo [82] . The effects on the carbon storage are, however, uncertain. As stated above, it has been proposed that the high herbivore densities preserved the permafrost and the carbon stored in it at the Late Pleistocene by reducing the insulation of the soil especially during winter [68] . Although this is plausible, several contemporary studies have recorded warmer soils during summer in areas grazed by reindeer [82, 83] . Reindeer also reduce the gross primary production in the short term by reducing the abundance of shrubs [18] , and a neutral effect of reindeer on carbon storage have been recorded in several studies [27, 35] . Moreover, permafrost collapsed after shrub removal experiment and turned the tundra into a carbon and methane source [92] . More research is needed to understand how a rewilding of the herbivore assembly would influence soil carbon storage in the Arctic.
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